Abstract. Metagenomic data enables the study of microbes and viruses through their DNA as retrieved directly from the environment in which they live. Functional analysis of metagenomes explores the abundance of gene families, pathways, and systems, rather than their taxonomy. Through such analysis researchers are able to identify those functional capabilities most important to organisms in the examined environment. Recently, a statistical framework for the functional analysis of metagenomes was described that focuses on gene families. Here we describe two pathway level computational models for functional analysis that take into account important, yet unaddressed issues such as pathway size, gene length and overlap in gene content among pathways. We test our models over carefully designed simulated data and propose novel approaches for performance evaluation. Our models significantly improve over current approach with respect to pathway ranking and the computations of relative abundance of pathways in environments.
Introduction
Metagenomics is an increasingly prevalent approach for the study of microbial communities directly from the environment in which they live. Unlike in traditional microbiology, random DNA pieces (called reads) -collected directly from the environment without a culturing stage -are being sequenced. Avoiding the culturing stage makes it possible to study the vast majority of microbes on earth, more than 99% according to some estimates, which cannot be cultured. To-date, metagenomics was applied for studying several environments and microbial functions [1] [2] [3] [4] [5] [6] . Notable discoveries were made using metagenomics including the identification of proteorhodopsin [7] and the discovery of photosystem I genes in viral genomes [8] .
Analysis of metagenomic data poses analytical challenges resulting from the short length of DNA reads of which the data consists. Traditional Sanger sequencing generates reads of average length 900bps; newer high-throughput sequencers produce reads of even shorter lengths ranging between less than 100bps (e.g. the Illumina Solexa and ABI SOLiD sequencers) to 500bps (the 454 Life Sciences sequencer). Even with recent and expected advances in sequencing technology, read length is likely to remain a major issue in metagenomics analysis that will require novel computational methods that are different from those used for the analysis of complete genomes. Such methods have been emerging in an increasing rate lately, including methods and strategies for assembly, gene calling, community structure prediction and more (see [9] for an overview of the field).
The functional analysis of metagenomes aims to identify those functional capabilities most significant to organisms living in the environment under study. Usually, analysis is done either at the single gene level, focusing on the abundance of gene families, or at the pathway level in which the occurrence of genes in pathways is taken into account. These processes start by identifying genes in the data and predicting their function, where function prediction is done by aligning the data against function-oriented databases. . For each function, the function prediction process generates its read count, i.e. the number of reads associated with the function in the metagenome. Once determined, read counts can be used for computing the relative abundance of each function in the metagenome. Previous works ignored issues related to gene length and the minimum portion of a gene required in order to identify it (e.g. [1, 16, 17] ) and estimated the relative abundance of each function f, both at the gene family and pathway levels, as the relative abundance of its read count from all functions in the function database F:
We refer to this as the read count approach. It is straightforward when complete genomes are considered and the relative abundance of functions is computed based on gene count, namely the number of genes associated with the different functions.
However it results in inherently biased estimates when read counts are considered, due to the fact that longer genes are expected to have a higher read count simply due to their length. This problem is addressed in a recently published work [18] that presents a statistical framework for the functional analysis at the gene family level.
The model presented in that paper is based on the assumption that the number of reads beginning at each position across any genome is . While this framework fits gene families, it may not be suitable as is for functional analysis at the pathway level, most notably due to the presence of the same genes in several pathways. Functional analysis at the pathway level is mainly used for two purposes: computation of pathway relative abundance, and pathway content comparison. Computing relative abundance of pathways within a single sample provides an overall view of the
